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Of the several types of construction, bonded aluminum honeycomb panels suf-
fer by far the highest rate of damage. Delamination caused by internal
corrosion is the most prevalent type of failure with these components, and
the problem is chronic in areas of some aircraft. Dents and punctures are
other frequently occurring modes of damage with aluminum honeycomb construc-
tion. Areas subject to heavy foot traffic and tool drops are particularly
vulnerable, as are areas subject to other types of impact such as cargo com-
partment bulkheads, protruding fuel pods and panels enclosing fueling ports.

Nomex/fiberglass construction is used in only a few applications and appears
to hold up well in service. Only minor handling damage is reported. Fiber-
glass components also do well in service generally. The major problems
occur when Tight structures are placed in areas where they can be stepped

on and broken. Chafing of fiberglass against aluminum or other fiberglass
is also a frequently reported problem. Minor handling damage and some fas-
tener damage are the other types of reported problems with fiberglass com-
ponents.
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RELTABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

INHERENT RELIABILITY

The inherent modes of failure for aircraft structures are those arising
from normal operations in the planned environment. For a military air-
craft, which may be required to operate anywhere in the world, this encom-
passes a wide range of operating and environmental stresses. The aircraft
structure will be designed to withstand the spectrum of flight and landing
loads including high g-level maneuvers and hard landings. It will also be
made survivable to combat damage and crash loads. Airframe fatigue lives
are typically much in excess of the planned operating 1ife of the aircraft,
as witnessed by the many aircraft that are still operating well beyond their
originally specified lives. With respect to environment, airframes are
typically designed and qualified via structural and material testing to
withstand extreme ranges of operation. This applies to both natural and
induced environments, and includes factors such as temperature, moisture
and salt atmosphere.

For composite structures, two modes of inherent failure might be antici-
pated: cracks and delamination, occurring either as the result of fatigue
or from incipient flaws in materials or construction. Both of these modes
should occur randomly and very infrequently. (Repetitive failures of this
type in any one area of the fuselage would be indicative of a problem re-
quiring design action.) Primarily, then, the reliability of composite
structures will be a function of the rate of externally caused damage.

ENVIRONMENTAL HAZARDS

Figure 28 shows the significant environmental hazards to which composite
structures may be exposed in service. Three types of environment are

considered: (1) weather and climate, (2) operations and maintenance, and
(3) combat. Each of the environmental hazards is related to the aircraft
states and modes of operation in which it is most frequently encountered.

Hazards of the natural environment, those related to weather and climate,
are reiatively predictable and can be substantially neutralized through
the selection of materials and the application of design allowables. Thus,
if a composite material is known to be moisture-absorbing, and moisture
content is known to have a degrading effect on strength or stiffness, the
structure will be designed for the worst-case situation (maximum amount of
absorbed moisture), particularly if it will be placed in a wet or humid
environment. The same is true for the effects of solar radiation, extreme
temperature, etc. It is of course impractical to design for every extreme
of environment, and a structure exposed to baseball-sized hailstones or
hurricane velocity winds could be expected to suffer damage. Conditions
such as these are so rare that they can be dismissed in a general assess-
ment of reliability, however.

This leaves as the only significant contributors to operational reliability
hazards induced via operations, maintenance and combat. In this category
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Aircraft State/Flight Mode

f

Active

[A}nactiveA/

Environmental Hazard

Weather/Climate

Solar Radiation
Extreme Temperature
Humidity/Moisture
Rain

Snow

Ice

Hail

Lightning

Wind

Operations/Maintenance

Thermal Cycling/Shock
Aircraft Fluids

Vibration

Airborne Particles/F.0.D.
Foot Traffic

Dropped Tool/Parts
Dropped/Shifting Cargo

Door Slamming

Rough Handling

Bird Strikes

Impact with Terrain Objects
Work Stands/Ground Vehicles

€ < >< >C 2< 2 > < X<

X |

[ X !

| X !

X x|

|

X X ‘

Combat

Ballistic Impacts

|
2

‘ ||

Note 1:

allowables

Figure 28.

Adequately controlled via :
materials selection and design

Note 2:
hazards

Environmental Hazards Related to the Aircraft

States and Flight Modes in Which They are Most
Frequently Encountered
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also some hazards can be controlled effectively by design; thermal cycling
and exposure to aircraft fluids are two of these. Knowing beforehand that
materials will be placed in an engine compartment or hydraulics bay allows
the designer to compensate for the degradation in properties that these
environments may produce.

IMPACT DAMAGE

It is concluded from the foregoing and from the surveys of service exper-
ience reported on earlier, that from the standpoint of reliability in
service, the significant concern in the design of composite structures for
helicopters will be damage caused by impact. The assumption applies of
course to composite structures at a mature stage of development. The first
of the structures to be introduced to service may have some inherent
deficiencies that surface in the form of early reliability problems.

The view that the reliability of comnosite structures will be predominantly
a function of exposure to impact is consistent with the findings of the
service experience study. The surveys of Army depots discloced that with
the exception of corrosion of aluminum honeycomb, aimost all of the damage
to these kinds of structures occurs as a result of some type of impact.

And the Air Force study of advanced composite structures is also concen-
trating entirely on impact damage (Reference 5).

Figures 29 through 32 illustrate areas of the helicopter airframe that are
particularly vulnerable to various types of impact damage as determined

by tiie service experience surveys. Later in this report it will be shown
how this information is used to assess the potential reliability of ad-
vanced composite structures concepts.

Types and Degrees of Impact Damage

The damage sustained by a structure subjected to impact involves a large
number of variables, including:

Impacting Object

Shape (blunt or sharp)

Incidence of impact (direct, glancing, etc.)
Location of impact* (center/edge)

Impact energy

*Deflection at center of panel produces less damage at
a given energy level.
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Design of the Structure

Type of material (properties of fibers/matrix)

Material form (unidirectional/woven)

Type of construction (monolithic/sandwich)

Material thickness

Ply orientation

Edge restraint

Presence of doublers, stiffeners, etc.
A11 of these variables will affect the type of damage sustained by a
composite structure subjected to a single impact. The damage itself is
a variable possessing certain characteristics, namely:

Type (dent, crack, puncture, etc.)

Size (area, depth)

Criticality (negligible, repairable, etc.)

Location (surface/subsurface)
When all of these variables are considered together, it is clear that a
given composite structure has the potential of being damaged in a great
many different ways. The reliability of the structure will depend not
only on the types of damage it receives but also on the frequency of
damage. This introduces another set of variables involving the mission

of the aircraft, the environment in which it operates and the quality of
maintenance it receives.

MATERIAL AND DESIGN FACTORS

Material Factors

Each material possesses mechanical properties which make it more or less
vulnerable to various types of damage. High interlaminar shear strength
reduces a material's susceptibility to delamination. High compression
strength provides protection against crushing. Other properties affect
the resistance of the material to other types of damage.
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Table 33 lists some of the principal mechanical properties of composites
and aluminum. The table was assembled by Sikorsky's Structures and
Materials Branch from published sources (References 6 through 14) and
from data developed through in-house test programs.

With two exceptions the composite properties are based on a particular
laminate configuration and thickness,one that might be used for an air-
craft skin. It is important to note that other configurations and thick-
nesses would substantially alter many of these properties.

ADVANCED COMPOSITES DESIGN GUIDE, VOLUME IV, MATERIALS, Third Edition,
Advanced Development Division, Air Force Materials Laboratory, Wright-
Patterson Air Force Base, Ohio, January 1973.

KEVLAR 49 DATA MANUAL, E. I. DuPont DeNemours and Company, Wilmington,
Delaware.

MIL-HDBK-5B, METALLIC MATERIALS AND ELEMENTS FOR AEROSPACE VEHICLE
STRUCTURES, Department of Defense, September 1971.

SCOTCHPLY PRODUCT INFORMATION, SP-114, Industrial Specialities Division,
3M Company, St. Paul, Minnesota.
19 FLIGHTWORTHY GRAPHITE FIBER REINFORCED COMPOSITES, VOLUME 3, Northrop
Corporation, Report Number AFML-TR-70-207, U.S. Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio, October 1970.

11 Flonc, N., CHARACTERIZATION OF BORON, GRAPHITE AND GLASS FILAMENT/
ORGANIC MATRIX COMPOSITE MATERIALS, Sikorsky Report Number SER-50644,
Sikorsky Aircraft Division, Stratford, Connecticut, January 1970.

12 S1yoRSKY STRUCTURES MANUAL, Sikorsky Aircraft Division, Stratford,
Connecticut.

13 MATERIAL PROPERTIES OF HEXCEL HONEYCOMB MATERIALS, TSB 120, Hexcel
Corporation, Dublin, California, 1975.

14 MIL-HDBK-17A, PLASTICS FOR AEROSPACE VEHICLES, PART I, REINFORCED
PLASTICS, January 1971.

86




TABLE 33. PROPERTIES OF COMPOSITES AND ALUMINUM
Material Composite
Laminate
oy Boron/ Kevlar/ Graphite/ |Fiberglass/|Aluminum Confiqura-
p 9
roperty/Characteristic Epoxy Epoxy Epoxy Epoxy 2024-T3 tion
Tensile Strenqth (ksi) s [6] 92 [7 90 6] 5[9 65 [s] a
Tensile Elongation to 5 2 ). 2 15 1 A
Failure (%) 6 [1F ITF T‘? I‘;J
Tensile Mpdulus 12h3 | ske 9.2 3.7 10.5 A
(psi x 10°) [3- [7- r?; I_g [ET
Compression Strength (ksi) 1€6 29.5 90 75 40 A
6 [7] [®] 9] 8|
e 3 1
Strain Energy (in-1b/in”) 261 756 440 760 8.237 ! A
[c] [c] [c] [ Je
Ing:r}gmiqar Shear Strength; 13,000 4,500 13,000 7,500 40,000 A
Individual Mini i i i
u nimum (psi) IT F F(tAylcaq_T'(tymcalF
Shear Strength Perpendicular 96 28 38 30 40 6
to Laminate Plane (ksi) rg‘ [jf hl' T [}T
Impact StEength 40 150 20 275 220 A
(ft-1b/in?) [z [7] E;7;7r7 ﬁi
?ragture Tgya?ness N/A | 23 22 14 73 | B
ksi - in ‘(—4‘ o
2 7 7 [7](2008-10)[7 |
Transvers? Co?pression 5B R 30 20 40 A
Strength (ksi f—1
£ S v NS 5§ M T
Barcol Hardness 40-100 __| 40-45 50-55 70 120 .
|7 7 [7] [olerinen [7]
Crack Propagation [0] .033 .020 .054 113 TR
F=(1/20 2/E) / K¢ fE“ fE— [E‘ {7? rE“
Buckling Tolerance 2,872 165 828 278 420 e A
(E xay) [c] c [c] I f¢
Bearing Strength (ksi) 135 40 130 47 114 A
] [7] 6 [12] [g]

Laminate Configuration

A. 00/900 Crossply; .040 thick;
V¢ = 60% Reference Source
T = Sikorsky Aircraft Test Data
0 0
B. 00/90°/45 C = Calculated Value
C. + 459

Table 34 Tists the mechanical properties for core materials. Here a
typical density has been selected, and just as the properties of composites
vary with laminate configuration and thickness, some properties of the

core materials would change substantially if other densities were used.

87




TABLE 34. PROPERTIES OF CORE MATERIALS

E

Material
Property/Characteristic ATuminum Nomex Structural
Honeycomb Honeycomb Foam
Density (1b/ft) 6 6 35

=

=

Basic mechanical properties were used in part to establish damage tolerance
ratings for aluminum, the three commonly used composite materials (fiber-

Compression Strength (psi) 680 [__ 825 6,000

13 [13 [12]
Specific Compressive
Strength (inches) .066 [T .079 [T .099 rc
Shear Strength (psi) 455 260 1,800

[T§' [T§ ff?
Elastic Limit (%) 0.3 r_ﬁ 1.4 2.3

3 13 7
Yield Point (Yes/No) Yes No No

[[] Source Reference
C = Calculated Value

lass, Kevlar and graphite) and the three commonly used core materials
?a]uminum honeycomb, Nomex honeycomb and structural foam).

The properties
used as aids to developing damage tolerance ratings are given in Table 35.

The ratings are summarized as an element of the R&M assessment technique

described later in this report.
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TABLE 35.

DAMAGE TOLERANCE RATING FACTORS

Damage Mode

Damage Tolerance Rating Factor

Composites/Aluminum

Core Materials

Abrasion
Denting
Puncture
Delamination
Cracking
Fastener Damage

Crushing

Buckling

Barcol Hardness
Yield Point

Shear Strength Per-
pendicular to
Laminate

Interlaminar
Shear Strength

Strain Energy
Impact Strength

Bearing Strength
Compressive

Strength

Buckling Tolerance

Elastic Limit

Yield Point
(Yes/No)

Specific
Compressive
Strength

Design Factors

In addition to the mechanical properties of the materials, characteristics
of the design may affect damage susceptibility and damage tolerance, and
hence the reliability of the structure in service.
key design factors having a potential effect on structural reliability,
Later in this report, these factors and

either positive or negative.
others are used to develop an R&M assessment technique for advanced

structures design concepts.
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TABLE 36.

RELIABILITY DESIGN FACTORS

Design Factor Effect on Reliability
T More flexible than sandwich;
Monolithic Sheet greater impact strength.
Stiffened Sheet Similar to monolithic sheet.
Construction
Form Sandwich Facings thinner than equivalently loaded monolithic
| panels; more easily punctured. Less impact re-
| sistant than monolithic sheet. Bond failures may
| occur between core and facings due to overstress or
= 1 impact.
% Open Section Less stable than closed section forms: more vulner-
{ able to twisting or buckling type failures.
Stiffener Hollow Core Closed section more stable than open section; less
Form vulnerable to buckling or twisting type failures.
Foam Core Similar to hollow core.
Co-cured Excellient bond strength due to resin intermixing.
Method of Adhesive Bond Simple structural joint. Cleanliness and quality
Assembly control critical to achieving structural integrity.
Mechanical May loosen and cause fretting or separation of
Fasteners joint.
Double Curvature/ Sharp exposed radii may be vu1nerabie to impact.
Wrapped Surface
Contour
Flat Surface Least vulnerable to impact.
Accessibility Restricted Inability to inspect properly may allow flaws or

damage to progress to advanced stages.

Load Intensity

Lightly Loaded

Damage has minimal effect on structural integrity;
adjacent structure supports load in event of
localized damage. Most easily damaged due to light-
weight construction.

Moderately Loaded

Structural integrity more seriously affected by
damage.

Heavily Loaded

Any damage is critical.

Interface
Constraints

Equipment mounting
provisions and cut-
outs.

Local structure reinforcement for equipment adds to
complexity: introduces potential failure modes.
Affected by loads existing in structure and intro-

| duced at interface.
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MAINTAINABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

DESIGN FACTORS

The maintainability of an airframe structure is a measure of the ease with
which it can be inspected, repaired, and if a separable part of the air-
frame, replaced. Although static in nature, airframe structures may possess
characteristics that tend either to enhance or degrade maintainability.

Some of these characteristics are generic to the type of structure while
others vary with the particular design. Table 37 enumerates the signifi-
cant design factors affecting maintainability and describes the nature of
these effects. Figures 33 through 36 illustrate key factors. The R&M
assessment technique presented later in this report incorporates an evalu-
ation of these design factors.

INSPECTION

Composite materials, unlike metals, do not yield under stress. Although
superior in strength to metals in many applications, the stress-strain
curve for composites is essentially a straight line to fracture. This
property, coupled with the lTaminated construction of composites, presents
problems for inspection. A metal structure subjected to overstress or
severe impact will normally exhibit visible damage at the surface in the
form of cracks, dents or structural deformation of some type. This may
not be true for a composite structure. Because of its elasticity, a com-
posite subjected to impact will tend to resume its natural shape (unless
the impact is severe enough to cause fracture). The impact, while produc-
ing no surface damage, may create shear stresses large enough to cause
internal delamination. Although exhibiting no physical evidence of damage,
the structure may have in fact begun to fail.

Presently, for the few composites now in service the primary method of
inspection is audio sonic (coin tapping). Even at the depots, where more
advanced techniques such as ultrasonics are availatie, coin tapping is the
method most preferred. In the course of the surveys conducted under this
program, depot personnel reported that ultrasonics is a more complicated
and time-consuming method of inspection and that it generally produces

no better results. Because of their large cross sections, rotor blades
are the one component for which ultrasonic techniques have been found to
be more effective than coin tapping.

Although coin tapping is considered a reliable method today, its use has
been confined to the inspection of relatively simpie, noncritical struc-
tures, primarily aluminum honeycomb panels which produce distinctive dif-
ferences in sound in areas where voids or delaminations are present. Fu-
ture aircraft will contain highly loaded primary structures comprised of
thick laminate buildups, and areas of these structures may be relatively
inaccessible to inspection. Coin tapping will probably not be an effective
method of inspection for such structures.
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TABLE 37.

MAINTAINABILITY DESIGN FACTORS

Design Factor

-

’ Effect on Maintainability

Construction
Form

Monolithic Sheet

Repairability good when both sides of panel exposed.

Stiffened Sheet

|

Sandwich

Simple, well-established repair procedures.
L L T

Presence of stiffeners makes repair more complex.
Bond failures between core and facings may be
difficult to detect. Repairability generally gcod:
damaged core can be filled in and patched over.
Absence of complex shapes and curvatures simplifies
repair.

Stiffener
Form

Foam Core

Open Section

Hollow Core

Lﬁasiest to repair because all surfaces are exposed.

Repair limited to external surfaces because of in-
accessibility to interior.
May offer slight advantage over hollow core since
core material can be filled-in to provide a mold
for cure-in-place repair.

Method of
Assembly

Co-cured

Adhesive Bond

Joint is permanent; must be cut apart for repair.

Absolute cleanliness required to achieve good bond;
difficult to implement in field environment.
Verification of intearity of repair difficult under
field conditions. Some adhesives require refrigera-
tion and have limited shelf life. High skill re-
quired.

Mechanical
Fasteners

Easiest type of joint to disassemble.

Caution needed in use of mechanical fasteners for
repair to avoid introducing stress concentrations
and to avoid incompatibility of materials (aluminum
and graphite for example).

Contour

Double Curvature

Material must be stretched or shrunk to conform to 3-
dimensional surfaces; special molds required. Labor
to laminate contoured parts related to amount of
curvature.

Wrapped Surface

Less difficult to laminate than double curvature:
mold required.

Flat Surface

Easiest to repair; no molds required.

Accessibility

Restricted

Poor accessibility impedes inspection. Restricted

access impedes on-aircraft repairs; limits the use
of equipment; increases the probability of faulty

repair; adds to repair time.

Load Intensity

Lightly Loaded

NQuality of repair less critical than more heavily
loaded structures; visual inspection of repair
adequate.

Moderately Loaded

Nuality of repair is important; verification of
integrity via non-destructive inspection techniques
may be necessary.

Heavily Loaded

Nuality of repair is critical: usually requires re-
placement or custom-engineered repair. Verification
of integrity via non-destructive inspection techniques
will be necessary.

Interface
Constraints

Equipment mounting
provisions and cut-
outs.

Requirements for equipment interchengeability impose
dimensional constraints on repair (flush surfaces for
example).
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FLAT SURFACE EASIEST TO REPAIR. MOLD

WRAP SURFACE. MOLD REQUIRED
TO LAMINATE PATCH.

MOLD —— »

COMPOUND CURVATURE. MOST DIFFICULT
REPAIR.MATERIALS MUST BE LAID UP IN STRIPS.

Figure 33, Effect of Contour on Repair
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80

MINIMAL EFFECT ON
STRUCTURAL INTEGRITY

STANDARD
LIGHTLY LOADED STRUCTURE REPAIR

MODERATECL: LOADED
STRUCTURE
COMPLEX

CRITICAL
LAYUPS

HEAVILY
LOADED
CONSTRUCTION

HEAVILY LOADED STRUCTURE

Figure 34. Effect of Load Intensity on Repair
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AUTOCLAVE

IDEAL REPAIR ENVIRONMENT

x DAMAGED FRAME

CONSTRAINED AREA REPAIR

U, e A1’ ’

ﬁ‘l" R

Figure 35. Effect of Accessibility on Repair
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